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ABSTRACT 
 
 
 
The kinetic theory of liquid indicates that diffusion coefficient for the dilute 
liquid at ordinary pressure is essentially independent of mixture composition. Mass 
transfer is important in separation and adsorption process. However, diffusion may also 
be caused by other features. Because of the complex nature of mass diffusion, the 
diffusion coefficients are usually determined experimentally. The mass transfer 
resistance controls the kinetic adsorption rate, but there is only limited understanding of 
the adsorption of a solute onto porous material from surface water. Thus, this study was 
conducted to further enhance the understanding of the mass transfer and adsorption 
processes of micropollutants. The objectives of this study are to analyze the difference, 
examine the adsoprtion diffusion of mass transfer and evaluate the variation of total, 
internal and external mass transfer. This study also used the transformed  equation  to 
analyze the rate of adsorption during adsorption process onto different GACs. Five (5) 
micropollutants namely Hg, Cd, As, DDT and chlordane have been chosen to be 
adsorbed onto three (3) granular activated carbon which are SIG (shell industrial grade), 
SAG (shell analytical grade) and BAG (bitumen analytical grade). The micropollutants 
(Hg, Cd, As, DDT and chlordane) were prepared using standard stock solution in 
deionized water. Adsorption of pollutants onto SIG, SAG, and BAG were started at 
different percentages of outflow. Although the samples were taken at the same time, the 
outcome showed that a significant competition between adsorbates and adsorbents. From 
the analysis, SIG and SAG displayed excellent performance in adsorbing inorganic 
micropollutants while BAG for organic micropollutants. Before adsorption takes place, 
the morphology of the SAG indicated pore abundance compared to SIG and BAG. BAG 
pores are more structured than SIG and SAG. After adsorption occurs, more of the 
organic micropollutants are being adsorbed onto BAG and SAG. Meanwhile, SIG 
proved to be the best adsorbent for inorganic micropollutants. It takes 72 hours for Hg 
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and As to saturate SIG whilst Cd take a longer time of 80 hours. SAG was also a good 
adsorbent for organic elements, with DDT taking 52 hours and chlordane taking 48 
hours to be adsorbed. The [KLa]f value for the adsorption of Hg onto SIG was significant 
and the [KLa]d value for the adsorption of Hg onto SIG was higher onto SAG and BAG. 
The value of [KLa]f  for SIG at 6% outflow was 0.6862 h
-1
, with values of [KLa]d  at       
-0.4142 h
-1
 and [KLa]g at 0.2721 h
-1
, while for the adsorption of Cd it was shown that the 
[KLa]f  values for the adsorption of Cd onto BAG was the most significant and the 
[KLa]d  values for the adsorption of Cd onto SIG was higher than SAG and BAG at 2% 
outflow, with values of 0.7044 h
-1
, [KLa]d at  -0.3687  h
-1
, and [KLa]g  at 0.3356 h
-1
. In 
contrast, for As the [KLa]f  for the adsorption of As onto BAG at 4% outflow was  
0.6722 h
-1
 and [KLa]g was 0.3103 h
-1
. For DDT, the [KLa]f  value of DDT for BAG at 
0.5% outflow was 1.6662 h
-1
, [KLa]d  was -1.2702 h
-1
 and [KLa]g was 0.3959 h
-1
. In the 
case of DDT, the value of [KLa]f for the adsorption of chlordane onto BAG at 2% 
outflow was 0.7330 h
-1
 and [KLa]d was started to activate the adsorption -0.5567 h
-1
. 
[KLa]g at 2% outflow was 0.1763 h
-1
. From these values we can conclude that for the 
adsorption of inorganic substances, SIG proved to be the best, while for organic 
substances BAG is the best adsorbent. 
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ABSTRAK 
 
 
 
Teori kinetik cecair menunjukkan bahawa pekali resapan untuk cecair cair pada 
tekanan biasa pada dasarnya bebas daripada komposisi campuran.  Pemindahan jisim 
adalah penting dalam proses pengasingan dan juga penting untuk proses penjerapan.  
Walau bagaimanapun, resapan boleh juga disebabkan oleh kesan-kesan lain.  Oleh 
kerana sifat kompleks resapan jisim, pekali resapan biasanya ditentukan secara uji kaji. 
Rintangan pemindahan jisim berfungsi untuk mengawal kadar penjerapan kinetik, tetapi 
pemahaman tentang penjerapan bahan terlarut keatas bahan penjerap adalah sangat 
terhad. Kajian ini dijalankan untuk mendalami pemahaman proses pemindahan jisim dan 
penjerapan bahan pencemar mikro. Objektif kajian ini adalah untuk menganalisis 
perbezaan, mengkaji penyebaran penjerapan pemindahan jisim dan menilai perubahan 
total, dalaman dan luaran pemindahan jisim dengan menggunakan persamaan yang 
diubahsuai untuk menganalisis kadar penjerapan lima (5) pencemar iaitu Hg, Cd, As, 
DDT and klordan ke atas tiga (3) bahan penjerap iaitu SIG, SAG, BAG.  Bahan 
pencemar Hg, Cd, As, DDT dan klordan disediakan dengan mengunakan cecair stok dari 
air suling. Penjerapan Hg, Cd, As, DDT dan klordan ke atas SIG, SAG, dan BAG 
bermula pada peratusan keluar air yang berbeza walaupun sampel tersebut diambil 
serentak. Hasil analisis menunjukkan persaingan yang signifikan antara penjerap dan 
perjerapan. Sebelum penjerapan berlaku, analisis morfologi menunjukkan lebih banyak 
liang pada SAG berbanding dengan SIG dan BAG. Setelah penjerapan berlaku, didapati 
pencemar organik lebih terjerap ke atas BAG dan SIG. Daripada analisa morfologi 
menunjukan BAG dan SIG telah menjadi lebih tepu. SIG juga didapati sebagai penjerap 
pencemaran mikro bukan organik terbaik dengan penjerapan Hg mengambil masa 
selama 72 jam, Cd 80 jam dan As 72 jam untuk sampai ke tahap tepu. Daripada analisis 
data, SAG dan BAG menunjukkan penjerapan yang baik untuk bahan pencemar organik, 
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dengan penjerapan DDT mengambil masa 52 jam dan klordan 48 jam. Nilai [KLa]f  
untuk penjerapan Hg ke SIG adalah ketara dan nilai  [KLa]d  untuk penjerapan Hg ke 
SIG adalah lebih tinggi daripada SAG dan BAG. Nilai [KLa]f  untuk SIG pada 6% aliran 
keluar adalah 0.6862 h
-1
, dengan nilai [KLa]d pada -0.4142 h
-1
 dan [KLa]g at 0.2721 h
-1
, 
manakala bagi penjerapan Cd telah menunjukkan bahawa [KLa]f  untuk penjerapan Cd 
ke BAG adalah yang paling ketara dan [KLa]d  untuk penjerapan Cd ke SIG adalah lebih 
tinggi daripada SAG dan BAG pada 2% aliran keluar, dengan nilai 0.7044 h
-1
, [KLa]d     
-0.3687 h
-1
 dan [KLa]g 0.3356 h
-1
. Sebaliknya, untuk As [KLa]f  penjerapan untuk As ke 
BAG at 4% aliran keluar ialah 0.6722 h
-1
, [KLa]d  adalah -0.3669 h
-1
 dan [KLa]g adalah 
0.3103 h
-1
. Untuk DDT, nilai [KLa]f DDT untuk BAG pada 0.5% aliran keluar adalah 
1.6662 h
-1
, [KLa]d adalah -1.2702 h
-1
 dan [KLa]g  adalah  0.3959 h
-1
. Dalam kes DDT, 
nilai [KLa]f untuk penjerapan klordan keatas BAG pada 2% aliran keluar adalah    
0.7330 h
-1
 and [KLa]d  telah mengaktifkan penjerapan di -0.5567 h
-1
. [KLa]g  pada 2% 
aliran keluar adalah 0.1763 h
-1
. Dari nilai-nilai yang diperolehi, kita boleh 
menyimpulkan bahawa bagi penjerapan bahan-bahan bukan organik, SIG membuktikan 
sebagai penjerap yang terbaik, manakala BAG adalah penjerap terbaik bagi bahan-bahan 
organik. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
1.1. Introduction 
 
 
Adsorption techniques are commonly used to separate contaminants from gaseous or 
liquid phases in water and wastewater treatment. It is important to scrutinize the 
interaction of the gas–solid or liquid–solid interface to elucidate the adsorption 
mechanisms. Therefore, it is necessary to propose a proper design for the equations 
developed to determine the separation performance and to increase the adsorption 
capacity. Particular design equations are required to incorporate the presence of 
contaminants in designing industrial scale columns (Ashrafizadeh et al., 2008).  
 
The compartment of the liquid–solid interface sometimes needs to be 
modified to achieve a good adsorption performance. For instance, to stabilize 
dispersion, lyophilic materials are used to amend the state of the solid surface, and to 
neutralize a sugared solution, it is purified by adsorption onto activated carbon (AC). 
Empirical and theoretical models have been proposed to study the mechanisms of 
mass transfer adsorption by adsorption in solution for different applications (Ovez et 
al., 2008). For example, the theoretical model describes the breakthrough curves for 
adsorption of pesticides (Matsui et al., 2002), and multi-component experimental 
data were modelled by extended Langmuir-based equations and ideal adsorbed 
solution theory (Faur et al., 2005). 
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Monitoring the adsorption of the solute onto the porous material in a liquid 
phase is relatively straightforward. Experimental data are commonly expressed in 
terms of the apparent isotherm adsorption in which the quantity of adsorbate per unit 
of adsorbent, at a given temperature, is calculated according to the variation of 
concentration and is traced in relation to the concentration equilibrium. Theoretical 
interpretation is, however, more complex; this is because particle movement during 
adsorption in a mixed solution is usually lead to competition of solute–solvent or 
solute–solute to adsorb onto acceptor sites of the solid surface. 
 
Mass transfer is the transport of mass from high to low concentration. The 
phrase is commonly used in engineering to refer to physical processes that involve 
molecular and convective transport of atoms and molecules within physical systems. 
Mass transfer includes both fluid flow and separation unit operations. Adsorption of 
the unwanted substance onto porous materials in aqueous solution is an example of 
the mass transfer process. The simplified mass transfer model involves only a single 
parameter, that is, the empirical mass transfer coefficient, which is established easily 
using the observing data generated under various operating conditions (Lin et al., 
2002). The driving force for mass transfer is the difference in concentration; the 
random motion of molecules causes a net transfer of mass from an area of high 
concentration to an area of low concentration.  
 
 
1.2. Background of study 
 
 
In the past years, Sembrong Lagoon served as an important water supply resource for 
the district of Batu Pahat in Johor state, Malaysia. Water from the lagoon flows 
through two separate pipes directly to the Sri Gading Water Treatment Plant 
(SGWTP) and Parit Raja Water Treatment Plant (PRWTP), which treats raw water 
for producing drinking water. The lagoon obtains freshwater pumped or fed by 
gravity from surface supplies from Bekok River or small canals for the collection of 
river water. Adsorption is one of the alternative treatment processes for removing 
organic and inorganic substances from waters. Granular activated carbon (GAC) is 
the most popular and versatile adsorbent and has traditionally been used for the 
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removal of scent, taste, and colour caused by the presence of pollutants in waters 
(Noll et al., 1992). The removal of organic and inorganic substances from waters by 
adsorption has been studied extensively (Choksi et al., 2008). Still, mass transfer 
resistance must be properly considered in the separation of solutes from water by the 
adsorption process and needs to be verified for its economical values and raw 
materials abundance. 
 
In the last decade, the scientific community has shown a growing interest in 
compounds that interfere with the normal endocrine function of wildlife and possibly 
humans. Adsorption onto AC filters is the most efficient and widely used method of 
removing pesticides and trace heavy metals. Traditionally, the breakthrough time 
indicates the time required to complete the operation and replacement (or 
regeneration) of the contaminated adsorbent. It is estimated using the process 
knowledge of drinking-water supply-system managers or by measurements of the 
outlet concentrations (Birket et al., 2003).  
  
However, these measurements have not been entirely explored, and much 
depends on the use of outlet data to calculate the real situation during the adsorption 
process. To overcome the limitations, models have been developed to predict the 
concentration profile at the outlet of the filter (“breakthrough curve”). At present, 
these models are knowledge-based models based on the transient material balance, 
liquid and intraparticle mass transfer, and adsorption equilibrium equations, usually 
solved numerically using finite element or finite difference methods (Tien, 1994). 
They differ mainly in the assumptions made regarding the transfer mechanism(s) of 
the particles, which can be diffusion in the liquid-filled pores (pore diffusion), 
diffusion in the adsorbed phase (surface diffusion), and both mechanisms in parallel. 
Among the mathematical models in current use, the linear driving force model 
(Glueckauf et al., 1947), the pore diffusion model (Brauch et al., 1975), and the 
homogeneous surface diffusion model (Crittenden et al., 1978) are notable. Such 
models were used for describing the breakthrough curves of mono-component 
solutions of metal ions (Xiu et al., 2000), organic micropollutants (Walker et al., 
1998), or dyes (De Souza et al., 2008) onto AC. 
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 Some studies have shown that these approaches are satisfactory for 
modelling binary dynamic adsorption, but they are not appropriate in the case of 
complex multi-solute solutions (Wolborska et al., 1996). In addition, although most 
of them rely on mass transfer parameters that are related to pore characteristics 
known to strongly influence the adsorption of micro-organics alone in solution or in 
the presence of natural organic matter (Cougnaud et al., 2005), they do not take this 
into account explicitly. 
 
The present research reports on an investigation of the adsorption of two 
pesticides and three trace heavy metals onto AC with different characteristics in 
terms of shape, dimensions, and pore properties. In the first part, experimental 
isotherm curves of synthetic micropollutants in synthetic waters were modelled to 
obtain equilibrium parameters of the mono component and competitive adsorption. 
In the second part of the research, the breakthrough curves of the AC filter are 
modelled by measuring [KLa]d, [KLa]f, and [KLa]g. Equilibrium parameters assessed 
in the first part are considered as influential factors of the model. 
 
 
1.3. Problem statement 
 
 
The production of good-quality drinking water from WTPs is important for human 
consumption. With the advancement of technologies for filtration, good drinking 
water quality is achievable. In order to solve the problem, a set of objectives has been 
determined. Through the literature review, it was found that the understanding of 
adsorption is lacking, and furthermore the selection and functioning of the adsorbent 
is also not fully understood. A good understanding of the adsorption mechanism in 
the pores and on the film in the proposed method will contribute to achieving better 
drinking water quality. The selection of the contaminants in this study considers 
danger and persistent of pollutants (POP) that have been endangering the raw water 
quality. In Bekok River, unfortunately, the mass of pollution from palm oil plantation 
areas along the Bekok river water catchment has led to a large impact on the 
concentration of micropollutants such as chlordane and 
dichlorodiphenyltrichloroethane (DDT) due to plantation activities. The exploitable 
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water resource used for public drinking water supplies today is not of suitable quality 
for human consumption without some form of advanced treatment (Bao et al., 2011). 
It has been suggested that the poor water quality is due to excessive amounts of 
certain solutes such as mercury, cadmium, arsenic, DDT, and chlordane in the raw 
water. Therefore the water does not achieve the admissible performance level of 
conventional water treatment plants (WTPs) for the production of drinking water, 
because the compounding pond that was used as a raw water reservoir is no longer 
able to perform the separation process. This is probably due to the saturation of soil 
under the pond. Chemical clarification for the removal of mercury, cadmium, 
arsenic, DDT, and chlordane has been practised at SGWTP; however, the levels of 
mercury, cadmium, arsenic, DDT, and chlordane in treated water do not meet the 
drinking water quality standards regulated by law (National Standards for Drinking 
Water Quality, 2004) 
 
 The amount of mass transfer can be quantified through a calculation with the 
application of mass transfer models, for example the experimental data on the 
kinetics of reactive dye adsorption onto dolomite sorbents have been investigated and 
the removal rate was found to be heavily dependent on both the film mass transfer 
and porous diffusion, which can be mathematically described (Fulazzaky et al., 
2013). Mass transfer finds extensive applications in chemical engineering problems, 
where the material balance on components is performed. For separation processes, 
thermodynamics determines the extent of segregation, while the mass transfer 
determines the rate at which the separation will occur. Although mathematical 
models of the adsorption of substances onto porous material in aqueous solution 
accounting for the variability of, for example, the properties of the adsorbate and 
adsorbent, flow rate, and temperature have been developed for certain applications 
(Walker et al., 2003; Chatzopouloset al., 2006), continuous Van Der Wall equations 
have been used to determine the factors of global mass transfer, film mass transfer, 
and porous diffusion, independently. The adsorption of inorganic and organic 
substances onto GAC from a hydrodynamic column is still not fully understood. 
Numerous works have focused on batch studies and more dependent on the inflow–
outflow results to determine the effectiveness of the adsorbent. 
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In addition, dissolved micropollutants in raw water are a challenge for the 
drinking water industry. The presence of contaminants in a WTP inlet may cause a 
severe risk for drinking water preparation (Hien et al., 2015). Nevertheless, some of 
the compounds might enter the drinking water treatment process, especially the 
processes of those drinking water companies that produce drinking water from 
surface water. Although advanced oxidation steps are often used in the drinking 
water treatment process, these technologies do not guarantee the complete removal 
of such compounds (Foo et al., 2010). Many different micropollutants can be found 
in the influent of WTPs. In addition to the intrinsic stability of the substances, this 
efficiency is dependent on the volatilization, adsorption, and polarity of the 
compound (Clara et al., 2004). 
 
Even though several technologies are available for treatment of heavy metals, 
many of these systems employ treatment techniques that are not cost effective. An 
innovative technology that uses a process known as co-precipitation has been 
increasingly recognized as an alternative to conventional treatment of industrial 
wastewaters, resulting in significant cost benefits to plant owners and operators. 
Traditional methods of removing pollutants in the water treatment process are 
coagulation, flocculation, sedimentation, sand filtration, ion exchange, 
electrodeposition, extraction, precipitation, and biological degradation. Most of them 
have disadvantages in that they operate by following successive steps of 
heterogeneous reactions or the distribution of substances between different phases 
and therefore usually require a lengthy operating period and a large area (Saffaj et 
al., 2004). 
 
 In Malaysia, the clean water supply covers approximately 96.8% of the urban 
area and 89.7% of the rural area (National Audit Department, 2012). The statistics 
show that the clean water supply is adequate for consumption. However, drinking 
water quality is still not achievable due to the presence of micropollutants in the raw 
water. The difficulties are presumably due to the fact that the treatment plant system 
is not efficient enough to fully eliminate the organic and inorganic micropollutants 
that may occur naturally or due to human activities. An attempt should be made to 
sustain the existence of water, to unlock new opportunities and to achieve new 
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breakthroughs in our understanding to solve this real world problem (National Audit 
Department, 2012). 
 
Numerous organic micropollutants are present in water sources used to 
produce drinking water, and this suite of organic micropollutants is constantly 
changing as new products are introduced while others are phased out. Typically, 
batch or column experiments are carried out to assess the efficacy of AC to remove 
organic micropollutants, but given the large amount of current and future pollutants 
that are relevant for drinking water, a modelling approach to predict the efficacy of 
AC is highly needed. While this does not replace the need for experimental work, it 
does allow for fast identification of solutes that are expected to show poor removal 
with AC (Haddad et al., 2015) and that can consequently be a potential health hazard. 
If the input of the model can be determined from only the chemical structure of 
organic micropollutants, this model may even be able to provide an early warning of 
poor removal efficacy of organic micropollutants in drinking water treatment even 
before they are introduced onto the market. Currently, such a model does not exist. In 
conclusion, the problem statement can be expressed in terms of three major factors: 
 
i. The factors of global mass transfer, film mass transfer, and porous diffusion, 
independently, in the adsorption of inorganic and organic substances onto 
GAC from a hydrodynamic column, are still not fully understood. 
ii. Many different micropollutants can be found in the influent of water 
treatment plants. They are, however, unable to be completely removed. 
Therefore, understanding of how to select the best adsorbent is required.  
iii. There is a lack of knowledge of among drinking water producers regarding 
the function of adsorption characteristics and the mass transfer mechanism. 
 
Extensive literature survey has been conducted for this study and the following gaps 
of knowledge have been identified; 
i. The adsorption of semi-volatile elements, namely mercury (Hg), DDT, and 
chlordane, using a GAC. 
ii. The mixing of solutions of micropollutants from heavy metals and pesticides 
micropollutants with adsorption by three different GACs: Coconut Shell 
Activated Carbon – Analytical Grade (SAG), Coconut Shell Activated 
8 
 
Carbon – Industrial Grade (SIG), and Charcoal (Bitumen) Activated Carbon – 
Analytical Grade (BAG). 
iii. Improvement of the design of column reactors that have a wider water 
circulation bath to replicate the real raw water temperature and conditions in 
Malaysia. 
iv. The comparison of one pollutant with one GAC and a mixed solution of five 
pollutants with one GAC. 
v. The implementation of GAC in water treatment system will act as an 
improvement to remove the pesticides in raw water. 
 
 
1.4. Objectives of the Study 
 
 
This research is conducted to fulfil the following objectives: 
 
1. To analyse the difference between GACs in adsorbing micropollutants from 
synthetic wastewater using SIG, SAG, and BAG. 
2. To enhance and observe an equation that was used for analysing the 
adsorption mechanisms of the different GACs.  
3. To examine the diffusion of mass transfer from the adsorption of Hg, Cd, As, 
DDT, and chlordane onto different GACs by analysing the function of the 
adsorption characteristic and mass transfer mechanism. 
4. To evaluate the variation of the total, external, and internal mass transfer 
factors of the adsorbate and adsorbent independently. 
 
 As stated in objective 2, the equation developed by Fulazzaky et al. (2013) 
has been tried and verified to measure [KLa]d, [KLa]f, and [KLa]g in the adsorption of 
ammonia and aluminium. The model is applied in this research to justify the function 
of modelling using five micropollutants by replacing the function of Ln with Log. 
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1.5. Scope of Study 
 
The study will cover the functions of three types of AC functions, breakthrough 
monitoring and observation of the performance of AC in reducing the micro-
inorganic and synthetic organic pollutants in the water sample. The aim of this 
research was to investigate the adsorption mechanism using a laboratory scale study 
to remove the micropollutants with each AC. The inorganic micropollutants studied 
are arsenic (As), cadmium (Cd), mercury (Hg) while organic pollutants are synthetic 
pesticides, namely DDT and chlordane.  
  
 In this study, the main goals are to examine the effectiveness of different 
types of AC, namely SAG, SIG, and BAG, in removing micropollutants in a pilot-
scale column dynamic reactor system. 
 
 
1.6. Significance of the research 
 
 
In establishing the importance of the research, an argument will be made regarding 
the significance of the effect of the drinking water treatment process from the 
Malaysian perspective. The study also considers the importance of the task from the 
pespective of drinking water producers, who need to produce high quality drinking 
water in order to achieve the National Standards for DrinkingWater (2004), that were 
set up by the Malaysian Ministry of Health. This research is significant in three 
aspects:  
 
First, the research offers information for the correct selection of AC to remove 
particular micropollutants for water production. Consequently , most of the treatment 
plants are presently applying AC for the water treatment process without strong 
justification regarding which substances need to be removed and what type of 
adsorbent needs to be applied. Therefore, the research provides a systematic and 
scientific way of looking at the selection of GAC. Under some conditions, a cheaper 
adsorbent such as industrial grade GAC could function well rather than an expensive 
adsorbent.  
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Second, this research will serve as a useful source of information on the 
economic aspects and optimization of GAC application, particularly in two areas:  
 
i. The cost of water treatment is now very expensive due to increases in the 
prices of materials such as chemicals, electricity, technical training, and 
operating costs. By using GAC, the loss of treated water from the balancing, 
clear water tank, and distribution tank due to the withdrawal of water treated 
for contamination can be prevented. 
ii. The previous research has emphasized the inflow and outflow results, but 
there is no evaluation of the mass transfer mechanism during adsorption. In 
this study, an assessment of the mass transfer mechanism will be performed. 
 
The study of the effectiveness of the adsorbent and the adsorption phenomena 
will provide a better understanding of the various parts of drinking water treatment 
systems. It also indicates that they are interconnected with one another. The research 
will evaluate and determine the best ways of making decisions and planning for the 
present and future. With regard to these issues, drinking water producers, drinking 
water treatment planners, or authorized decision makers can identify and forecast the 
future planning and development of drinking water treatment plants.  
 
The research is also significant in expanding the decision-making tools 
available to planners and policy makers. There are no means to say that the method 
applied in this research (adsorption output data) is the best way to analyse the 
adsorption effectiveness in all respects. It nevertheless provides additional options by 
which difficulties could be viewed in different ways.  
 
Finally, the most important element of this research is a new approach to 
determine the resistance of mass transfer of a three component GAC kinetic model 
(SIG, SAG, and BAG) and to expand the understanding of the mass transfer concept 
of five independent parameters. The key to the GAC modelling approach is to track 
separately the adsorption of five components: two synthetic trace compounds and 
three synthetic fractions of dissolved inorganic matter, and then to relate the 
competitive effects of both dissolved pollutants to the surface loading of GAC. The 
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synthetic pollutants fraction has a small molecular weight but is strongly 
competitive, so a fraction of synthetic pollutants probably reduces the trace 
compound equilibrium capacity by directly competing for adsorption sites (Jarvie et 
al., 2005).    
 
Two micropollutants (pesticides) with the presence of three heavy metals 
were used to observe the adsorption phenomena in three types of GAC. Although a 
few studies have been conducted by a few researchers, probably under similar 
circumstances, they focused more on the removal of physical and chemical pollution, 
such as Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD), 
pH, colour, and odours but did not emphasize the presence of dissolved 
micropollutants, which have their own characteristics. By defining the problem in a 
different way, new solutions to the old problems could be derived. Development of 
the mathematical model and equations is useful as the next step forward in current 
and future planning as more and more tools and models need to be developed so that 
the power of analytical reasoning for planners and decision-makers is increased 
substantially. 
 
 
1.7. The organization of the research 
 
 
The thesis comprises five chapters. Chapter 1 presents the introduction of the study 
of raw water sources and characteristics, health effects of heavy metal and pesticide 
micropollutants, the presence of pollutants in drinking water, the problem statement, 
objectives, scope, significance, and organization of the research. 
 
Chapter 2 presents the literature on current and past issues and the fundamentals 
of WTPs in Malaysia and discusses the recent and previous findings by researchers 
regarding drinking water treatment related to the removal of micropollutants. Chapter 
3 covers the materials and methodology, describing the preparation of AC, type of 
reactor used in the water treatment process, statistical tools, equation development 
for the research, and sample preparation. Chapter 4 presents the results and 
discussion, explaining the monitoring of adsorption phenomena using the laboratory 
12 
 
pilot scale study and findings (in global, film, and diffusion) regarding mass transfer. 
Chapter 5 provides the conclusion to the study. 
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CHAPTER 2 
 
 
 
LITERATURE REVIEW 
 
 
 
2.1. Introduction 
 
 
The pollution of surface and ground water causes risk to human health because of the 
potential health hazards of their contents of inorganic and organic compounds. 
Pesticides are a group of hazardous compounds that may pollute water due to their 
extensive application in agriculture as rodenticides, insecticides, larvicides, miticides 
(acaricides), mollucides, nematocides, repellants, synergists, fumigants, fungicides, 
algicides, herbicides, defoliants, desiccants, plant growth regulators and sterilants. 
Inorganic pollutants such as mercury (Hg), cadmium (Cd) and arsenic (As), a group 
of heavy metals, have been identified as toxic substances that can enter raw water 
through human activity, pharmaceuticals and contributions from industrial discharge. 
In the aquatic environment, organic micropollutants can exist in a variety of forms: 
as a freely dissolved phase, as a colloidal phase or associated with sedimentary 
material (Warren et al., 2003). 
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2.2. Activated carbon 
 
 
This chapter will discuss sources of contaminants in raw water supplies, the 
adsorption mechanism of activated carbon and the water treatment process 
fundamentals. Furthermore, this chapter also reviews some work that has been done 
by previous researchers on how to remove or destroy micropollutants to prevent 
them entering water treated for drinking purposes.The application of activated carbon 
is seen to have great potential to improve the water treatment process by reducing the 
organic and inorganic micropollutant matter before or after any conventional water 
treatment process. Activated carbon, also called activated charcoal or activated coal, 
is a general term that includes carbon material mostly derived from charcoal. The 
main criteria for these materials include low inorganic matter (ash content), high 
carbon content, ease of activation, availability, low cost and low degradation rate in 
natural conditions. 
 
Activated carbon can be produced using either physical or chemical processes 
(Olsen et al., 2000). In the physical process, the raw material is first “carbonized”. In 
this process, volatile matter and non-carbon species are eliminated at high 
temperatures (700–800 °C). Subsequently, steam or CO2 is added, resulting in partial 
gasification of the carbon and an increase in porosity. This process step is called 
“activation”. In the chemical process, compounds like H3PO4 or ZnCl2 are added, 
and the material is heated. This process results in charring and aromatization of the 
carbon skeleton and creation of the porous structure. Therefore, the understanding of 
the applications needs to be expanded to ensure that they are not meaningless, 
uneconomic or indecisive, making the objective of producing safe drinking water 
unachievable. Ideally, the carbon material used should have pores that are larger in 
size than the material it is trying to adsorb. The removed molecules are held within 
the carbon’s internal pore structure by van der Waals forces, electrostatic attraction 
or chemisorption. The adsorption process helps the carbon to reduce hazardous gas, 
activate chemical reactions, and act as a carrier of biomass and chemicals (Williams 
et al., 2006). 
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2.2.1. Properties of activated carbon 
 
 
On an atomic level, activated carbon is considered to consist of graphene layers 
(layers of interlocking aromatic rings), which are also referred to as “basal planes” 
(Li et al., 2003). Figure 2.1 shows schematically the edges of a basal plane, where 
various oxygen or nitrogen molecules containing functional groups can be present. 
 
 
Figure 2.1: Activated carbon basal plane with functional groups on the edges 
(source: Li et al., 2003) 
 
 Adsorption is a process where a solid has been used for removing a soluble 
substance from the water. In this process, active carbon is solid. Activated carbon 
was produced to achieve an enormous internal surface. This significant internal 
surface makes active carbon ideal for adsorption. Activated carbon comes in two 
variations: powder activated carbon (PAC) and granular activated carbon (GAC). 
The activity level of adsorption is based on the concentration of a substance in the 
water, the temperature and the polarity of the substance. A polar substance (a 
substance that is highly soluble in water) cannot be or is badly removed by activated 
carbon; a non-polar substance can be removed totally by activated carbon. Every 
kind of carbon has its own adsorption isotherm and in the water treatment business 
this isotherm is controlled by the Freundlich function. In the activated carbon 
framework, the basal planes are stacked randomly, as shown in Figure 2.2. Figure 2.3 
shows that the structure becomes more ordered when higher temperatures are used 
when heat-treating activated carbon (Erdem-Senatalar et al., 2004). 
LACTONIC 
DIOXIN 
AMINE 
NH2 
PYRAN 
CARBOXYLIC 
CARBOXYLIC PEROXIDE 
PHENOLIC 
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Figure 2.2: Activated carbon random stacking of basal planes  
(source: Erdem-Senatalar et al., 2004) 
 
 
Figure 2.3: Structural changes that occur during heat treatment of graphitizable 
carbon (source: Erdem-Senatalar et al., 2004) 
 
 
2.2.1.1. Pore size 
 
 
Activated carbon contains pores of various sizes, as illustrated in Figure 2.4. These 
have been categorized by IUPAC (International Union of Pure and Applied 
Chemistry) into micropores (diameter <2 nm), mesopores (diameter 2–50 nm) and 
macropores (diameter >50 nm). Micropore and mesopore surface areas can be 
determined with N2 and CO2 adsorption isotherms. The macropore surface area can 
5 nm 
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be determined by mercury porosimetry (Calvo et al., 2011). Typically, the internal 
surface area of activated carbon is dominant for the total available adsorption surface 
area (internal+external). Of the internal surface area, the micropore surface area is 
mostly determined by the adsorption capacity for micropollutants (Bautista et al., 
2005; Li et al., 2002). This can be explained by stronger van der Waals interaction, 
as the distance between the solute molecule and carbon surface is shorter and size 
exclusion may occur at the pore entrance as larger molecules are retained (Anderson, 
2000). 
 
There is less competition for adsorption sites for the smaller molecules. 
However, larger molecules may also block the entrance to the micropores. For a 
target solute dissolved in natural surface water, the optimal pore size corresponds to 
1.3–2 times the target solute diameter (Quinlivan et al., 2005). Pore shape (slit, 
elliptic, cylindrical) is also expected to play a role in size exclusion, but no analytical 
methods are known to determine this. 
 
 
Figure 2.4: Pore structure of activated carbon (source: Budinova et al., 2007) 
 
 
 
 
18 
 
 
 
 
 
2.2.1.2. Charge 
 
 
Solute adsorption can be influenced by electrostatic repulsion or attraction when both 
solute and carbon have a particular electrostatic charge. The charge of activated 
carbon is dependent on pH, as illustrated in Figure 2.5. Functional groups with an 
acid character such as phenol (OH
-
) and carboxyl (COOH
–
) may dissociate at higher 
pH, releasing their proton (H
+
) and obtaining a negative charge. A positive surface 
charge can be attributed to basic functional groups, such as amine (NH2
-
), chromene 
and pyrene (both O
-
containing), as these functional groups protonate at lower pH, 
taking up H
+
 and obtaining a positive charge. Electron-rich areas on the graphene 
plates also increase the activated carbon’s basicity (Moreno-Castilla, 2004). 
 
 
Figure 2.5: pH effects on activated carbon surface charge  
(source: Moreno-Castilla, 2004) 
 
 
2.2.1.3. Hydrophobicity 
 
 
Acidic, basic, and neutral functional groups can bind to water molecules through 
hydrogen bond formation. Activated carbons with higher quantities of O
- 
containing 
or N
- 
containing functional groups have a higher affinity for water and are considered 
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“hydrophilic” (Quinlivan et al., 2005). As hydrophilic carbons promote bonding with 
water, the number of available adsorption sites for the solute is reduced. Also, water 
clusters can be formed, which can block the entrance of micropores (Villacanas et 
al., 2006). 
 
Li et al. (2002) found that the removal of solutes was lower with more 
hydrophilic activated carbons, even when the solutes were also able to form 
hydrogen bonds with the functional groups. These solutes did, however, show higher 
removal on hydrophilic activated carbons when they were dissolved in cyclohexane, 
which is a solvent that cannot form H
-
 bonds (Franz et al., 2000). 
 
 
2.2.1.4. Surface chemical functional group 
 
 
Surface chemical functions of acceptor sites on the activated carbon are 
supposed to be the properties of adsorbent affecting the potential mass transfer and 
the adsorbate–adsorbent affinity. Considering that the GAC originated from coconut 
shell and coal as raw material, accordingly, the results of analyzing ﬁve functional 
groups associated with each GAC produced the following facts:  
1. The basic functional group associated with all the GACs tested is relatively 
important compared to the total acid functional group.The acid and basic 
functional groups related to the GAC produced from coconut shell are quite 
important compared to those associated with GAC originally from coal. The 
carbonylic functional group represents the major acid functional group for all 
the GACs tested (Figure 2.6). The carboxylic and lactonic functional groups 
associated with the GAC produced from coal are more important compared to 
those associated with the GACs originated from coconut shell (Fulazzaky, 
2011).   
2. Although the raw material (coconut shell) used is similar, the functional 
groups scattering to GACs are quantitatively different (Fulazzaky, 2011). 
Figure 2.6 shows the surface chemical functional groups in bitumen and 
shell-based GACs. 
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Figure 2.6: Surface chemical functional groups (source: Fulazzaky, 2011) 
 
 
2.3. Basic adsorption 
 
 
Adsorption is the attachment of a chemical species (adsorbate) onto the surface of a 
material (adsorbent). When the chemical species has dissolved in a liquid (i.e., a 
solute which is dissolved in a solvent), the molecules of both the solute and the 
solvent may adsorb onto the adsorbent, and compete for the available surface area. 
Adsorption should not be confused with absorption. In the latter process, the 
adsorbate diffuses into the adsorbent. Figure 2.7 illustrates adsorption versus 
absorption. 
    
 
Shell-based analytical 
grade GAC 
Bitumen analytical grade 
GAC 
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Figure 2.7: Adsorption vs absorption 
 
In drinking water treatment, the water comes into contact with granular activated 
carbon in packed (fixed) bed reactors. During the process, three dynamic zones can 
be delineated: 
 
i. Saturated (exhausted) zone: the maximum equilibrium adsorption capacity of 
the activated carbon has been reached. No solute will adsorb in this zone. 
ii. Mass transfer zone (MTZ): solute has adsorbed onto the activated carbon. 
However, the maximum equilibrium adsorption capacity has not yet been 
reached. 
iii. Clean (fresh) zone: no solute has adsorbed onto the activated carbon. During 
the filter run, the saturated zone will increase, and the clean zone  will 
decrease.  
 
The size of the mass transfer zone will remain the same during the filter run, 
and depends on the hydraulic load and solute adsorption kinetics. The filter series 
ends when the solute concentration in the effluent exceeds a set threshold. The filter 
is then emptied and refilled with fresh activated carbon, and spent (exhausted) 
activated carbon is regenerated. In this process, a typical carbon loss of 4–8 % is 
accounted for (Tchobanoglous et al., 2003).  
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Figure 2.8: Adsorption mechanism (source: Yang et al., 2010) 
 
The mechanisms of adsorption of the solute (Figure 2.8) onto porous material 
in aqueous solutions consist of three successive steps (Fulazzaky, 2013):  
 
i. Film mass transfer or external mass transfer to transport a solute from the 
bulk liquid to the ﬁlm zone exterior to the grain immediately connecting the 
pores, 
ii. Porous diffusion or internal mass transfer to diffuse a solute from the ﬁlm 
zone towards acceptor sites of the solid surface, and 
iii. Fixation or adsorption of a solute to attach onto acceptor sites of the solid 
surface interior to the grain. 
 
 
2.3.1. Mechanisms of adsorption 
 
 
Adsorption is the adhesion of atoms, ions, or molecules from a gas, liquid, or 
dissolved solid to a surface (Heslop et al., 2008). This process creates a film of the 
adsorbate on the surface of the adsorbent. This process differs from absorption, in 
which a fluid (the absorbate) permeates or is dissolved by a liquid or solid (the 
absorbent) (Faur et al., 2008). Adsorption is a surface-based process while absorption 
involves the whole volume of the material. The term sorption encompasses both 
processes, while desorption is the reverse of it. Adsorption is a surface phenomenon. 
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Similar to surface tension, adsorption is a consequence of surface energy. In a 
bulk material, all the bonding requirements (be they ionic, covalent, or metallic) of 
the constituent atoms of the material are filled by other atoms in the material. 
However, atoms on the surface of the adsorbent are not wholly surrounded by other 
adsorbent atoms and can therefore attract adsorbates. The exact nature of the bonding 
depends on the details of the species involved, but the adsorption process is generally 
classified as physisorption (characteristic of weak van der Waals forces) or 
chemisorption (characteristic of covalent bonding). It may also occur due to 
electrostatic attraction (Tseng et al., 2010). 
 
However, it should be remarked that the distinction between adsorption and 
absorption vanishes from perfectly crystalline macroscopic materials to 
porous/structured materials, aggregates and composites made out of increasingly 
smaller grains, micron-sized particles to nanoparticles, sub-nano particles and finally 
molecules (or atoms). In such nanocomposites, the internal surface area of particulate 
matter is very large. Then the adsorption on internal surfaces simply becomes 
absorption when viewed from the bulk. Thus the distinction between adsorption and 
absorption vanishes. On the other hand, the distinction is clearest between bulk solids 
without internal structure, but having only surfaces where only adsorption can occur 
on the outer surfaces, and nanocomposites or aggregates with internal structure 
where absorption by the host material is simply adsorption on internal surfaces of the 
host material. As an example, consider a crystalline piece of silicon dioxide (quartz) 
which can adsorb water molecules on its surface. Nevertheless, if the quartz is 
ground into very fine sand, the pile of sand (an aggregate) has a very large internal 
surface area. A very large amount of water can be adsorbed by the “internal” surfaces 
of the grains in the pile of sand, and this absorption is simply “internal” adsorption. If 
water is made to flow through such a pile of sand, ions and toxins in the water may 
be preferentially adsorbed by the surfaces of the grains of sand, providing a simple, 
well-known water purification application (Villacanas et al., 2006). 
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The adsorption capacity determines the degree of liquid packing that can 
occur in the pores. For an efficient adsorption process, the adsorbate molecule and 
the surface of the adsorbent have comparable pore sizes. A coconut shell carbon 
having fine pores has poor decolorizing properties as the dye molecules are much 
larger in size than the pores of the coconut shell. However, it is very promising in the 
adsorption of smaller molecules. It has also been observed that the adsorption 
capacity increases with a rise in the concentration. Moreover, some adsorbents like 
activated carbon show competitive or preferential adsorption, i.e. for any complex 
system comprising a number of components. It has been demonstrated that high 
molecular weight species replace low molecular weight pollutants that have been 
adsorbed initially. Therefore, activated carbon adsorbs propane more easily than 
methane. The efficiency of adsorption increases with the increase of the surface area 
of the adsorbent at a given temperature. The adsorption efficiency at low temperature 
as molecular species is less mobile. However, sometimes, the adsorption process 
involves the groups present on the surface of the adsorbent materials and the 
pollutants-chemisorption process. Chemisorption involves the sharing of electrons 
between the pollutants and the surface of the adsorbent, resulting in a chemical bond 
(Walker et al., 2003). 
 
 
2.3.2. Total adsorption ([KLa]g) 
 
 
There are four consecutive steps in the adsorption of materials from solution by 
porous adsorbents before the adsorption reaches the global or total process: 
1. Bulk solution transport. 
2. The adsorbate passes through a surface film to the exterior of the adsorbent. 
3. Sorption by porous adsorbents. 
4. Adsorption of the solute on the interior surfaces bounding the pore and 
capillary spaces of the adsorbent. 
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